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Summary

25
Super-resolution fluorescence microscopy has been instrumental to progress in biology. Yet, the photo-26 induced toxicity, the loss of resolution into scattering samples or the complexity of the experimental setups 27 curtail its general use for functional cell imaging. Here, we describe a new technology for tissue imaging 28 reaching a 114nm/8Hz resolution at 30 µm depth. Random Illumination Microscopy (RIM) consists in 29 shining the sample with uncontrolled speckles and extracting a high-fidelity super-resolved image from the 30 variance of the data using a reconstruction scheme accounting for the spatial correlation of the illuminations.
31
Super-resolution unaffected by optical aberrations, undetectable phototoxicity, fast image acquisition rate and Introduction (no lengthy monitoring of experimental drifts, no time-consuming calibration protocols when changing the sample, objective or wavelength), widefield configuration, low levels of energy transfer to the samples and 78 an extremely simple experimental setup. Yet, the resolution was too low for imaging subcellular dynamics.
79
In the present work, we developed a technique based on speckle illumination, that we call Random 
97
Results
99
Principle of RIM
100
In RIM, a super-resolved reconstruction of the sample is formed numerically from several low-resolution 101 images of the sample recorded under different uncontrolled speckle illuminations, hereafter named speckle 102 images. A speckle is the light pattern formed by a coherent (laser) beam after the reflection or transmission
The super-resolved reconstruction is formed from the speckle images using a reconstruction scheme named 115 AlgoRIM. AlgoRIM is based on a rigorous mathematical analysis 
122
In Figure 1C , we compare the reconstructions of the same sample of tagged F-actin network in podosomes 123 obtained by second-order statistics dSTORM (NanoJ software, Super Resolution Radial Fluctuation) 124 (Gustafsson et al., 2016) and RIM. Podosomes are actin-rich, cell adhesion structures applying protrusive 125 forces on the extra cellular environment, recently observed by 3D dSTORM (Bouissou et al., 2017) .
126
Remarkably, the RIM reconstruction showed more details than dSTORM at the level of podosomes nodes,
127
and was closer to a Scanning Electron Microscopy (SEM) image of a similar sample. Importantly, RIM 128 required ten times less images, used ten times less power and was two hundred time faster than dSTORM.
129
In Figure 1D , we compare the reconstructions and the raw images of the same sample of vinculin-tagged 130 podosomes attached to the substrate obtained by RIM and SIM (by displaying either random or periodic 131 masks on the SLM). The resolution and overall dynamic range of the two techniques are remarkably similar.
132
To evaluate more precisely the resolving power of RIM, we imaged a calibrated DNA nanoruler (SIM 140 133 YBY), where two red fluorophores (Alexa 561) attached at the DNA ends are separated by 140 nm, and are 134 equidistant (70 nm) to a green fluorophore (Alexa 488). In Figure 1E , we compare the RIM reconstruction to 135 the SIM image given by the commercial two-color Zeiss SIM Elyra system. Figure 1E shows that both RIM 136 and SIM succeeded in separating the red fluorophores and accurately located the green middle one. RIM 137 resolution was the same of that of SIM with an average red-to-green distance of about 70 nm in both cases 138 (compare the graphs in Figure 1E ). Additional experiments with calibrated samples indicated that RIM 139 resolution matched that of the best periodic SIM techniques, about 120 nm for fluorophores emitting at 514 140 nm with an objective of NA=1.49 (Figures S1E and S3A) .
141
In these types of experiment where the sample does not distort the illumination pattern, the major interest of 142 RIM compared to SIM is the extreme simplicity of the experimental protocol which can be performed in less 143 than ten minutes even for two-color imaging. Since the illumination patterns do not need to be known, the 144 only tuning required before imaging consists in checking the focus. In contrast, in the case of SIM, the 145 knowledge of the illumination patterns is mandatory, which implies a specific sample preparation and a 146 precise microscope alignment and polarization control for the two colors, which, altogether, may take about 147 two hours (Demmerle et al., 2017) . Another interest of RIM, compared to SIM, is the robustness and ease-of-148 use of its inversion procedure. AlgoRIM required the tuning of 4 parameters, the widths of the observation 149 point spread function and speckle correlation and two Tikhonov parameters (see Supplemental information), 150 while at least 7 were needed for the SIM reconstruction procedure, in particular for recovering the illumination patterns from the raw images. This last task is particularly delicate as it can be jeopardized by a too big difference between the excitation and fluorescence wavelengths ( Figure S1F ). 
159
based data processing ensure an efficient optical sectioning (Ventalon and Mertz, 2005 ; Ventalon et al, 160 2007) . Note that, when necessary, the spherical aberration induced by the index mismatch between the 161 objective immersion oil and the mounting medium has been accounted for when reconstructing the 3D image 162 (Sibarita, 2005) .
163
To test the fidelity of the super-resolved images obtained with 3D RIM, we focused on dense filamentous 164 structures. We imaged the vimentin network from fixed HUVEC cells and reconstructed the whole network 165 from 200 speckles per slice, 12 slices and an axial step of 100 nm (see in Figure 2A the color-coded axial 166 position of the filaments, and Movie S2). As seen in Figure 2B , RIM transverse resolution was much better 167 than that of confocal microscopy and similar to that of STED microscopy, about 120 nm (with fluorophores 168 emitting at 700 nm and a NA of 1.49). Interestingly, RIM reconstruction was free from common artefacts 169 such as the disappearance or merging of filaments (Marsh et al, 2018) and it provided the same image as 170 STED both in the dense and sparse regions of the sample. A total of 1 kW/cm², five times less than that 171 required for confocal microscopy, was delivered to the entire volume (30 µm x 30 µm field of view) in less 172 than 3 seconds.
173
To further investigate the axial resolution, we tested the ability of RIM to resolve the cell division ring of the 174 bacteria Streptococcus pneumoniae. Cells were labeled with fluorescent FtsZ, an homolog of tubulin that can 175 polymerize and assemble into a ring, called the Z-ring, at the site were the septum forms during cell division.
176
This ring whose diameter ranges from 0.3 to 0.9 µm depending on the division stage (Fleurie et al., 2014 (Zheng et al., 2017) . Interestingly, in the transverse cut at the equatorial plane of a late 185 dividing cell, significant levels of FtsZ protein were observed in-between the two nascent Z-rings on each 186 side of the central ring that disassembles as it constricts, suggesting a constant exchange of free and ring-187 associated FtsZ molecules. The resolution of RIM was estimated to be 120 nm transversally and 300 nm 188 axially, which is equivalent to that of the best SIM (Fleurie et al., 2014) .
RIM provides super-resolved movies of live specimens at high temporal resolution and low toxicity.
191
To optimize the temporal resolution of RIM and limit phototoxicity, one should know the minimal number of 192 raw speckle images that is necessary for a faithful reconstruction of a given specimen. The latter depends on (Marsh et al., 2018) . Notably, the photobleaching and toxicity of RIM 217 was comparable to that of SIM ( Figure S4D ) and podosome dynamics could be observed during 20 min 218 without detectable alteration of their reorganization.
219
A second example was the dynamics of the Proliferating Cell Nuclear Antigen (PCNA) ( Figure 3C and 220 Movie S4). PCNA is a protein involved in DNA replication, DNA repair, chromatin remodeling, and cell 221 cycle. Here, the temporal resolution needs were higher, but the sparsity of the sample allowed us to use only 222 150 speckles in an interleaved reconstruction strategy yielding a temporal resolution of 0.12 s. The 223 nanoclusters of PCNA were similar to those observed in fixed samples (Zessin et al., 2016) . The trajectories 224 of individual spots of PCNA were recorded during 20 s during the S phase of U2OS cells ( Figure 3C , 3D and
The average confinement distance of the slow replication clusters was about 120 nm while the fast diffusing PCNA clusters had a confinement about 200-300 nm ( Figure 3E ). These global results are in agreement with 229 those previously obtained by single-particle tracking (Zessin et al., 2016) . This experiment demonstrates the 230 versatility of RIM, which, from the same set of data, provides both super-resolved images of the whole cell 231 nucleus at all the phases of DNA replication and a trajectory analysis of PCNA similar to that obtained by 232 single-particle tracking.
233
To illustrate the three-dimensional imaging potential and low toxicity of RIM, the mitosis of the fission 234 yeast Schizosaccharomyces pombe was recorded in a 3D movie with a temporal resolution of 20 s (Movie 235 S5). S. pombe is a rod-shaped, symmetrically dividing eukaryotic cell that splits by medial fission. S.
236
pombe possesses three chromosomes which can be tracked by live imaging during mitotic progression. 
259
In a second example, the tagged regulatory light chain of the non-muscle Myosin II motor protein, spaghetti 260 squash (sqh), was imaged in a fixed developing leg of the fly Drosophila melanogaster ( Figure 4D ). (Ebrahim, 2013) . The fluorescence intensity plot between these 317 two junctional myosin layers (red arrowheads in Figure 6C ) indicates a 130 nm resolution. Even though this 318 type of tissue was highly optically heterogeneous, as schematically presented in Figure 6A , the resolution 319 remained constant (130 nm) over the whole field of view and was able to distinguish the Myosin filament 320 fluorescent doublets (see Movie S8). Remarkably, RIM high temporal resolution was able to visualize the 321 pulses of the medial Myosin II networks in a constant state of spatial reorganization (Martin et al., 2009) 
322
( Figure 6D , Movie S8). RIM was also able to visualize the flow of junctional myosin II at the cell cortex 323 (Rauzi et al., 2010) (Figure 6E , Movie S8).
324
In Figure 6C , we noted that the 3D image reconstruction of medial Myosin II network was rather uniformly 325 colored. This observation suggested that apical myosin is spatially restricted to a small section (about 300 nm 326 thick) of the epidermal cells (see the color scale bar). In line with this conclusion, transmission electron 327 microscopy images on sections along the apical-basal axis, showed that the thickness of the adhesive cell-328 cell contact, was of only 300 nm ( Figure 6B part I) , which corresponds well to the Myosin II belt previously 329 described (Ebrahim et al., 2013) . RIM high axial resolution was also illustrated in Figure 6F epidermal cells, barely detectable at Z=200 nm, was well observed at Z=400 nm and Z=600 nm. These 334 observations, summarized in the cartoon Figure 6B , come at variance with a previous conclusion that Myosin 335 II was mostly junctional in neighboring non-SOP cells (Couturier et al., 2017 ).
336
The above results underscored the versatility of RIM for imaging a variety of tissues from large fields of 337 views to macromolecular motion. In the following experiment, we show that RIM can also help visualizing 338 large scale cell movements. We chose to focus on a process of collective cell migration occurring deep in a 339 tissue, the migration of border cells in Drosophila ovary labeled on F-actin by UtrABD-GFP. At stage 9, 340 these border cells perform an invasive migration on the intervening nurse cells to finally reach the oocyte at stage 10. A 75 min movie (Movie S9) shows, with a constant image quality, the migration of border cells from the anterior epithelial surface to the center, 60 microns deep, of the egg chamber. In addition to the 343 super-resolved reconstructions, classical widefield images were obtained by simply summing the speckle 344 frames as proposed in (Mudry et al, 2012) . The widefield images, which resemble transmission-microscopy 345 images thanks to the out-of-focus fluorescence (Shain et al., 2017) , permit to locate the migrating cells in its 346 complex environment ( Figure 7A ). The migration process was clearly unaffected by the 200,000 speckles 347 illumination. Remarkably, a constant transverse resolution was obtained, whatever the position of the cells.
348
At the end of the migration, close to the oocyte, the resolution was still about 160 nm ( Figure 7B ).
349
Altogether, these data demonstrate the ability of RIM to image deep inside living tissues, with high 350 resolution and no apparent toxicity. 
367
The second asset of RIM lays in its original inversion scheme, algoRIM, which yields reconstructions true to 368 the actual fluorescence dynamic range with a resolution of 120 nm transversally and 300 nm axially, 369 matching that of the best 3D SIM (Figures 1, 2, S1 and S2).
370
The super-resolution achieved by RIM can be explained on theoretical grounds. A mathematical study has 371 demonstrated that a twice-better super-resolved sample reconstruction could be theoretically obtained from 372 the covariance of the speckle images provided that the Fourier supports of the speckle autocorrelation and 373 observation point spread function are similar ; summarized in Supplemental information).
374
In practice, each speckle image is deconvolved using a Wiener filter to reduce the width of the point spread 375 function and the statistic noise. Then, the variance of the speckle images is formed. Last, the fluorescence is 376 estimated iteratively so as to minimize the distance between the rigorous model of the variance accounting 377 for the speckle autocorrelation, and the empirical variance (see Supplemental information). This critical 378 inversion step restores the fluorescence dynamic range and improves significantly the resolution compared to the process consisting in taking the standard deviation of the deconvolved speckle images (Taylor et al., 380 2018; Ventalon et al, 2007) (Figure S1E ). Importantly, the reconstruction scheme does not use any 381 regularisation except for the one needed for stabilizing the solution with respect to noise. As a result, 382 algoRIM is successful on both dense and sparse fluorescent samples and avoids the common artefacts 383 encountered in fluctuation or sparsity-based microscopy such as the over or underestimation of strongly or 384 weakly labelled features (Marsh et al, 2018) . Hence, as compared with the SEM image, RIM showed more 385 details than dSTORM of the densely fluorescent podosome nodes ( Figure 1C) , and when the same vimentin 386 filaments were observed by RIM or by STED microscopy, the same image was obtained at the same 387 resolution ( Figure 2B ), which underscored the fidelity of RIM image reconstruction.
389
Robustness to aberrations and scattering
390
To provide super-resolved reconstructions, the inversion procedure of RIM requires data with sufficient 391 signal to noise ratio and a model for the point spread function and the speckle autocorrelation. Contrary to 392 SIM, RIM is not affected by the illumination deformations induced by the sample, the lens imperfections or 393 the experimental drifts as the speckle autocorrelation is insensitive to aberration or scattering (Goodman, (C) Super-resolved images of the macrophages F-actin network, obtained by processing 10,000 dSTORM raw images as in (B) using (Nanoj software SRRF; Gustafsson et al., 2016) or 800 raw RIM images using algoRIM, compared to a reference Scanning Electron Microscopy image. Note that RIM reconstruction is closer to the SEM image and does not suffer from the non-linear response to brightness of fluctuation microscopy. 488). Both RIM and SIM estimated the red-to-green distance to about 70 nm as evidenced in the graphs displaying the green and red intensities with respect to the distance averaged over n=13 and n=17 nanorulers, respectively, using a co-location analysis. The total RIM imaging process took less than 10 min from the insertion of the sample in the microscope to the reconstruction. In contrast, the total SIM imaging process took about 2 h for completing the calibration, acquisition and checking steps (Ball et al, 2015 and Demmerle et al, 2017 ). In addition, while three parameters needed to be tuned for the RIM reconstruction scheme, seven were required for the SIM inversion method. (D) Principle of RIM. The fluorescence density of the sample is estimated by forming the variance of the deconvolved speckle images and estimating the sample so that the variance model best matches the experimental one (see RIM theory in the Supplemental Information). The key point of RIM is that the variance model does not assume that the speckle correlation is a Dirac function. The estimation is performed using an iterative conjugate gradient scheme. This procedure ensures a linear link between the reconstruction and the sample fluorescence density and improves significantly the resolution compared to the SOFI-speckle approach, which consists in taking the standard variation of the deconvolved speckle images (Taylor et al, 2018; Ventalon et al, 2007) . (F) From left to right, STED, RIM and SIM reconstructions of the same vimentin network from fixed HUVEC cell using a fluorescence antibody dedicated for STED microscopy with excitation at 561nm and emission at 700 nm (large Stokes shift). The RIM reconstruction is very close to the STED image. SIM reconstruction performed using the algorithm of Wicker et al., (2013) , implemented in the Zeiss Elyra, in which the period and phases of the periodic pattern are recovered from an analysis of the low-resolution images, did not give satisfactory results. Better results were obtained by resorting to a more sophisticated algorithm named filtered blind-SIM (Ayuk et al., 2013) , that did not assume the periodicity of the illumination but requires significantly more computational time than the classical approach. This example points out the robustness of RIM processing by comparison with SIM. Interdistance between the two center lines from bottom left to top right sold for being 120-90-60 nm but estimated to be 140, 120 and 90 nm, respectively, using the calibrated pixels of the image. RIM resolution is shown to distinguish the lines of the middle pattern. 1000 speckles yield a more homogeneous image of the sample.
(B) RIM reconstruction of a podosome core versus the number of speckle images used for the data processing.
Extracted from Movie S3. Scale bar 800 nm. Due to the continuous spatial reorganization of podosomes, 400 speckles is a better choice than 1000 speckles. 
